OBJECTIVE: Yacon is a perennial plant forming a clump of 420 big, edible underground tubers. Yacon, which originates from South America, has become increasingly popular in the Japanese diet for tubers have a lower caloric value and a high fiber content. Recent studies have suggested that yacon feeding ameliorates diabetes as indicated by reduced blood glucose. METHODS: We fed male Zucker fa/fa rats for 5 weeks with isocaloric normal chow diet containing from 6.5% control aroid or 6.5% yacon. Insulin sensitivity was evaluated by euglycemic-hyperinsulinemic clamp study. RESULTS: Body weight was comparable between yacon-and aroid-fed rats. In the basal state, yacon feeding had an effect to lower fasting glucose levels from 184.1 ± 4.1 to 167.8 ± 2.7 mg dl À 1 (Po0.01), as well as basal hepatic glucose output (HGO) from 9.9 ± 0.4 to 7.4 ± 0.2 mg kg À 1 per min (Po0.01). During the clamp studies, the glucose infusion rate required to maintain euglycemia was increased by 12.3% in yacon-fed rat. The insulin suppression of HGO was also increased in yacon-fed rats compared with control rats (85.3 ± 2.4% vs 77.0 ± 3.0%; Po0.05), whereas the glucose disposal rate was not different between the two groups. Consistent with the clamp data, the insulin-stimulated phosphorylation of Akt was significantly enhanced in liver but not in skeletal muscle. Furthermore, tribbles 3 (Trb3) expression, which is a negative regulator of Akt activity, was markedly reduced in the liver of yacon-fed rats compared with control rats. CONCLUSION: These results indicate that the effect of yacon feeding to reduce blood glucose is likely due to its beneficial effects on hepatic insulin sensitivity in the insulin resistant state.
INTRODUCTION
Type 2 diabetes mellitus is characterized by insulin resistance and b-cell dysfunction, the balance between which varies widely between individuals. Insulin resistance, which is characterized by an impaired ability of insulin to inhibit glucose output from the liver and to promote glucose uptake in muscle, 1 is frequently well established in individuals with impaired glucose intolerance. It is the concomitant presence of b-cell dysfunction that distinguishes those in whom glucose intolerance worsens from those in whom it remains stable. Interventions that decrease insulin resistance and preserve or improve b-cell function are likely to be effective in slowing progression from impaired glucose intolerance to diabetes, or even allowing reversion to normal glucose tolerance. Many interventions that improve insulin resistance might also affect insulin secretion. The Diabetes Prevention Program, a multicenter, randomized placebocontrolled, trial, examined the effect of two interventions to prevent or delay type 2 diabetes mellitus in people at high risk. This study found that the risk for developing type 2 diabetes was reduced by 58% and 31% in intensive lifestyle and metformintreated groups, respectively, compared with the placebo-treated group. 2 Intensive lifestyle intervention was more effective than metformin in slowing progression to diabetes, partly because lifestyle modification gave greater improvements in insulin sensitivity and b-cell functions. 3 Changes in physical activity and diet (primarily, a reduced calorie intake from fat) predicted weight loss and weight loss, in turn, was associated with a reduced risk of developing type 2 diabetes mellitus. Thus, dietary interventions can be an effective tool to prevent or treat insulin resistance and type 2 diabetes mellitus. 2 Yacon (Smallanthus sonchifolius, Asteraceae) is a perennial plant originating from South America that forms a clump of 420 big sweet-tasting underground tubers weighing from 100-500 g. 4 In recent decades, yacon has gained increasing popularity in Japan and around the world for its low caloric value. Yacon tubers are composed mostly of water and very high levels of fructooligosaccharides (FOS) also called oligofructose or oligofructans. FOS are a type of sugar found naturally in many types of plants but unlike other oligosaccharides, they are able to resist the hydrolysis of enzymes in the saliva and upper gastrointestinal tract and leaves the body undigested. Thus, despite their sweet flavor, yacon tubers contain fewer calories than expected. 4 Traditionally, yacon tubers have been recommended to people suffering from diabetes and various digestive diseases. [5] [6] [7] Recently, yacon syrup, which is extracted and concentrated from the yacon tubers, has been shown to improve insulin resistance and reduce body weight in obese individuals. 7 These studies raise the possibility that yacon feeding has beneficial effects in treating obesityrelated insulin resistance and type 2 diabetes mellitus. However, they did not establish whether the effects of yacon on insulin sensitivity in obese individuals were primary or secondary to the decrease in body weight.
In the current study, we examined the metabolic effects of yacon-enriched diet in insulin resistant Zucker fa/fa rats. We show that yacon feeding effectively normalized hyperglycemia by lowing hepatic glucose production and increasing whole-body insulin sensitivity in these animals. Our data provide a physiological mechanism for how yacon dietary supplementation can improve diabetes in humans.
MATERIALS AND METHODS Materials
Male Zucker fa/fa rats were procured from Charles River Laboratories Inc. (Kanagawa, Japan). Yacon and aroid were kindly provided from Fukushima Prefectural government. The catheter (Micro-Renathane MRE-033, 0.033 cm in outside diameter (OD) and 0.014 cm in inside diameter (ID)) was purchased from Braintree Scientific (Braintree, MA, USA). D- [3- 3 H] glucose was purchased from PerkinElmer Inc. (Waltham, MA, USA). Pentobarbital was purchased from Dainippon Sumitomo Pharma (Osaka, Japan). Insulin (Novolin R) was purchased from Novo Nordisk (Copenhagen, Denmark). The 50% dextrose was purchased from Otsuka Pharmaceutical Co. (Tokushima, Japan). The mouse/rat adiponectin enzyme-linked immunosorbent assay kit was purchased from B-Bridge International Inc. (San Jose, CA, USA). The rat insulin enzyme-linked immunosorbent assay kit was purchased from Crystal Chem Inc. (Chicago, IL, USA). Polyvinylidine difluoride transfer membranes were purchased from Millipore Corp. (Bedford, MA, USA). Anti-phospho-specific Akt (Ser473) and Akt antibodies were purchased from Cell Signaling Technology (Boston, MA, USA). Horseradish peroxidase-conjugated secondary antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). TRIzol reagent was purchased from Invitrogen Life Technologies (Carlsbad, CA, USA). The RNeasy kit was purchased from Qiagen Inc. (Valencia, CA, USA). iScript complementary DNA Synthesis Kit and iQ SYBR Green Supermix were purchased from Bio-Rad Laboratories (Richmond, CA, USA). All other reagents were purchased from Sigma (St. Louis, MO, USA).
Animal studies
Six-week-old male Zucker fa/fa rats (Charles River Laboratory) were selected for this study, because they display pronounced insulin resistance at this age. Rats were housed individually under controlled light/dark (12/12 h) and temperature conditions, and had free access to water and chow. The male Zucker fa/fa rats were fed an isocaloric normal chow diet containing from 6.5% aroid (control) or 6.5% yacon for 5 weeks. Rat received a fresh diet every 3 days, and food consumption rates and body weight gains were monitored every 3 days. All procedures were performed in accordance with the Guide for Care and Use of Laboratory Animals of the NIH and were approved by the Animal Subjects Committee of the Fukushima Medical University, Japan.
Euglycemic-hyperinsulinemic clamp procedure
The rats were implanted with three catheters (Micro-Renathane MRE-033, 0.033 cm in OD and 0.014 cm in ID; Braintree Scientific) after feeding the indicated chow for 4 weeks. Two catheters were placed into the right jugular vein, and another one was placed into the left carotid artery under single-dose anesthesia that pentobarbital 50 mg kg À 1 (Dainippon Sumitomo Pharma) given intraperitoneally. Catheters were tunneled subcutaneously, exteriorized at the back of the neck and filled with heparinized saline. The jugular and carotid catheters were used for infusion and blood sampling, respectively.
On day 7 after surgery, insulin sensitivity was assessed using an euglycemic-hyperinsulinemic clamp. The rats were fasted for 12 h before the start of all experiments. The euglycemic-hyperinsulinemic clamp experiments began with a priming injection (2.5 mCi per 0.5 ml) and constant infusion (0.04 mCi per minute) of D- [3- 3 H] glucose (PerkinElmer Inc). After 120 min of tracer equilibration and basal sampling at time À 10 min, and 0 min, glucose (50% dextrose, variable infusion; Otsuka Pharmaceutical Co.) and tracer (0.12 mCi min À 1 ) plus insulin (25 mU kg min À 1 , Novolin R; Novo Nordisk) were infused into the jugular vein as previously described. 8, 9 Small blood samples (60 ml) were drawn at 10-min intervals and immediately analyzed for glucose (Compact Electrode Blood Sugar Analyzer Antsense: Horiba Ltd, Kyoto, Japan) to maintain the integrity of the glucose clamp throughout the duration of the experiment. Blood samples were taken at À 120 min (start of experiment), À 10 min and 0 min (basal), and 110 min and 120 min (end of experiment), for determination of glucose-specific activity, and insulin content. To ensure accuracy, basal and terminal sampling was performed twice, at a 10-min interval. We confirmed that steady-state conditions were achieved at the end of the clamp before obtaining the terminal blood specimen by measuring blood glucose every 10 min and assuring that a steady state for glucose infusion and plasma glucose levels was maintained for a minimum of 20 min before final sampling. We define a steady-state blood glucose concentration as one where the glucose concentration and infusion rate fluctuate by 3 mg dl À 1 or less and by 5% or less, respectively, over 10 min. All blood samples were immediately centrifuged, and plasma was stored at À 80 1C for subsequent analysis. After terminal blood sampling at 120 min, animals were promptly euthanized with pentobarbital (180 mg kg À 1 ). Tissues were taken and immediately frozen in liquid nitrogen and stored at À 80 1C for subsequent metabolic analysis.
Analytical procedures
Total cholesterol, triglycerides and high-density lipoprotein-cholesterol were analyzed by a private laboratory (SRL Laboratory, Tokyo, Japan). Plasma adiponectin levels were determined using the Mouse/ Rat Adiponectin enzyme-linked immunosorbent assay kit (B-Bridge International Inc.). Basal plasma insulin was quantified using a rat insulin enzyme-linked immunosorbent assay kit (Crystal Chem Inc.). Plasma glucose-specific activity was measured in duplicate after zinc sulfate and barium hydroxide deproteinization.
Immunoblotting analysis
Red quadriceps muscle and liver tissue were homogenized in liquid nitrogen and lyzed in buffer containing phosphatase and protease inhibitors. After a 10-min incubation, the lysates were clarified by centrifugation (10 000 g at 4 1C) and quantified for total protein. Samples were separated by SDS-polyacrylamide gel electrophoresis on 10% polyacrylamide gels. Proteins were transferred onto polyvinylidine difluoride membranes (Immobilon-P; Millipore) and blotted with Akt and phospho-Akt (Ser473) (Cell Signaling Technology) antibodies. Membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies before chemiluminescence detection (Pierce, Rockford, IL, USA). Band intensities were quantified by densitometry using the Image-J software (NIH, Bethesda, MD, USA).
Quantitative real-time reverse-transcription PCR analysis
Total RNA samples were extracted from the liver tissues and the skeletal muscle with TRIzol reagent (Invitrogen Life Technologies), and further purified using the RNeasy kit with RNase-free DNase I treatment according to the manufacturer's instructions. Total RNA (1 mg) was reversetranscribed with iScript complementary DNA Synthesis Kit according to the manufacturer's instructions (Bio-Rad Laboratories). Quantitative realtime (qRT)-PCR was performed with a Bio-Rad system using iQ SYBR Green Supermix and specific primer pairs (Table 1) selected with Primer Express software (Applied Biosystems). The relative mass of specific RNAs was calculated by the comparative cycle of threshold detection method according to the manufacturer's instructions.
Calculations
The homeostasis model assessment insulin resistance values were calculated from the fasting concentrations of insulin and glucose using the following formula: fasting plasma insulin (ng ml 
RESULTS

Overall animal characteristics
The effect of a yacon-enriched diet was examined in male Zucker fa/fa rat. Male Zucker fa/fa rats were fed isocaloric normal chow diet containing from 6.5% aroid (control) or 6.5% yacon for 5 weeks. Table 2 illustrates some of the general characteristics of the yacon and control groups in the basal state and at 5 weeks. Body weight and average daily food intake were not different between the two groups. In the fasting state, plasma glucose and insulin levels were significantly lower (Po0.01) in the yacon group than in the control group, whereas total cholesterol, triglycerides, high-density lipoprotein-cholesterol and adiponectin levels did not differ significantly between the two groups. Homeostasis model assessment insulin resistance, which evaluates the insulin sensitivity, was significantly decreased (Po0.01) in the yacon group compared with the control group, suggesting an improvement of insulin sensitivity after 5 weeks of yacon feeding.
Euglycemic-hyperinsulinemic clamp studies To directly examine the metabolic impact of yacon feeding on insulin sensitivity, we next subjected both groups of rats to euglycemic-hyperinsulinemic clamps. These experiments were performed after 5 weeks of yacon feeding, at maximal (25 mU kg À 1 per minute) insulin infusion rates. Steady-state glucose levels during the clamp studies were similar in the two groups, as shown in Table 2 . During these studies, we measured the insulin stimulation of total body GDR and suppression of HGO. The glucose infusion rate required to maintain euglycemia was significantly increased by 12.3% (Po0.01) in yacon group, showing enhanced overall insulin sensitivity Table 2 . To assess the insulin-stimulated component of glucose disposal, the GDR was measured. As seen in Figure 1b , the GDR was not significantly different between the two groups. As skeletal muscle accounts for the great majority of GDR, these results indicate that yacon feeding does not affect insulin sensitivity in skeletal muscle.
Basal HGO values were significantly decreased by 25% (Po0.01) in the yacon group compared with the control group (Figure 1a) . During the clamp studies, the insulin suppression of HGO is increased in yacon feeding rats compared with control rats (Figure 1c ; 85.3±2.4% vs 77.0±3.0%; Po0.05), suggesting that yacon feeding improves hepatic insulin resistance.
Insulin signaling studies To assess the potential cellular mechanisms of yacon feedinginduced increase in insulin sensitivity, we obtained skeletal muscle and liver tissue samples in the basal state and at the end of the euglycemic-hyperinsulinemic clamp. These latter samples, which represent the fully insulinized state at the termination of the glucose clamp study, were homogenized, and protein lysates were subjected to immunoblotting.
We measured Akt phosphorylation (Ser473), which is the most important molecule of the insulin signaling, in skeletal muscle and liver samples obtained from rats in the basal state and at the end of the euglycemic-hyperinsulinemic experiments. As shown in Figure 2 , insulin led to a marked stimulation of Akt phosphorylation in skeletal muscle and liver from control rats. This effect of Akt phosphorylation at Ser473 was augmented by 50% (Po0.01) in liver, but not in skeletal muscle of the yacon feeding rats.
Gluconeogenetic gene studies in liver To assess the molecular mechanisms of yacon feeding-induced increase in insulin sensitivity, we performed qRT-PCR analysis on total RNA from liver tissue samples at the end of the euglycemichyperinsulinemic clamp. We measured the expression levels of phosphoenolpyruvate carboxykinase 1 and glucose-6-phophatase, which are key enzymes in gluconeogenetic pathway. Consistent with the decreased HGO, the expression levels of gluconeogenetic genes, phosphoenolpyruvate carboxykinase 1 and glucose-6-phophatase, were significantly decreased by 49% and 64%, respectively (Figures 3a and b) .
Furthermore, based on findings that the hepatic tribbles 3 (TRB3) protein is elevated in insulin resistance models 11, 12 and 11 we hypothesized that yacon feeding could regulate TRB3 expression in liver. We performed qRT-PCR analysis on total RNA from liver and skeletal muscle samples at the end of the euglycemic-hyperinsulinemic clamp. As shown in Figure 4a , Trb3 expression was markedly reduced by 43% (Po0.01) in the liver of yacon-fed rats compared with that of control rats, whereas Trb3 expression in skeletal muscle did not change significantly in either group. Furthermore, we measured the expression of Pgc-1a, which is upstream of TRB3 in liver in the signaling cascade. 12 As shown in Figure 4b , Pgc-1a expression in either liver nor skeletal muscle was not altered by yacon feeding.
DISCUSSION
Over the past few decades, yacon tubers and yacon products such as yacon syrup and tea have been recommended to dieters and people suffering from diabetes and various digestive diseases for their low-calorie, nutritional and prebiotic value. Recent studies have demonstrated that yacon syrup consumption leads to weight loss and improved insulin sensitivity in obese individuals. 7 Whether the beneficial effect on insulin sensitivity is a result of weight reduction or an independent effect of yacon supplementation has not been clarified. In the present studies, using a rat model, we find that yacon feeding leads to a reduction in fasting glucose and insulin levels. This effect is independent of body weight as body weight was not different between the control and yacon groups after 5 weeks of feeding. We assessed the physiological mechanisms underlying this glucose-lowering effect and found that a yacon-enriched diet leads to insulin sensitization exerted predominantly at the level of the liver.
Euglycemic-hyperinsulinemic clamp studies were performed in yacon and aroid-fed insulin-resistant male Zucker fa/fa rats. Yacon feeding led to an improvement in insulin sensitivity in the Zucker fa/fa rats, as demonstrated by a 12.3% increase in the glucose infusion rate necessary to maintain euglycemia in these animals. Using tracer methodologies, we measured the ability of insulin to suppress HGO. Compared with control animals, yaconfed Zucker fa/fa rats displayed enhanced insulin-mediated suppression of HGO, indicative of increased hepatic insulin sensitivity. We found a comparable effect on GDR for both groups. Together, these data show that yacon feeding leads to an improvement in hepatic insulin resistance but had no effect to ameliorate skeletal muscle insulin resistance. Yacon FOS, which are soluble non-digestible carbohydrates, effectively increase stool bulk. FOS are classified as prebiotics because they are fermented by the microflora in the large intestine, leading to a modulation in the composition of natural ecosystem. Yacon FOS are reported to have the potential to be fermented by bifidobacteria and lactobacilli, making yacon roots a novel source of prebiotics. 13 Probiotics are foods that contain microorganisms that modulate the intestinal microbiota and aid the functioning of the gastrointestinal tract, and thus possibly prevent disease occurrence. Meanwhile, prebiotics are food containing substances resistant to enzymatic breakdown, which stimulate the proliferation or activity of certain bacteria in the intestinal microbiota, thus acting as selective substrate in the colon. Foods that contain both probiotics and prebiotics are called synbiotics.
14 Within this context, fermented foods containing probiotics and prebiotics can be important diet components, because of their nutritional characteristics and ability to reduce the risk of chronic inflammation diseases such as insulin resistance. 15 More recently, it has been reported that yacon can prevent enteric infection by improving the immunological intestinal barrier. 16 Increased levels of circulating bacteria or bacterial products, which are derived from the microbiota, have been associated with insulin resistance. 17 Moreover, our cellular measurements shed light on potential mechanisms of action of yacon supplementation and suggest the involvement of TRB3. TRB3 is a pesudokinase that modulates several signaling pathways, including the phosphatidylinositol 3-kinase/Akt cascade. TRB3 is induced in the liver during fasting and in diabetic mice, where it inhibits insulin signaling by binding to and preventing activation of Akt. 11, 12 The serine-threonine kinase Akt is a principal target of insulin signaling that inhibits HGO when glucose is available from food. Therefore, pathological overexpression of TRB3 in the fed state contributes to insulin resistance and promotes hyperglycemia. Consistent with our clamp data, we found a uniform increase in Akt phosphorylation and decrease in Trb3 expression in the liver of yacon-fed rats compared with controls. Furthermore, peroxisome proliferatoractivated receptor-g coactivator-1a, a coactivator induced by fasting, glucagon, glucocorticoids and adrenergic stimuli that results in activation of gluconeogenic enzymes and increased HGO, has been shown to be an upstream modulator of Trb3 expression in the liver, an effect mediated by peroxisome proliferator-activated receptor-a. 12 We examined the peroxisome proliferator-activated receptor-g coactivator-1a expression in liver and found that yacon feeding did not alter its expression.
We observed in that feeding a yacon-enriched diet for 5-weeks did not decrease body weight in Zucker fa/fa rats. This enabled us to conclude that yacon feeding effect on blood glucose and insulin sensitivity was independent of weight loss. However, this is not to say that yacon dietary supplementation cannot decrease body weight in rats in the long-term, as documented in humans. 7 Although one cannot extrapolate or compare rat studies to human studies, several points could account for the apparent difference: the length of the dietary intervention (5 weeks in rats vs 4 months in human); the gender and age of study population (young male rats vs pre-menopausal women); the type and amount of yacon supplementation (diet with 6.5% of yacon incorporated in chow preparation for rats vs 0.14 g kg À 1 body weight per day of yacon syrup).
In conclusion, we show that in insulin resistant rats, a yaconenriched diet improves insulin resistance in liver that is associated with reduced hepatic Trb3 expression and increased Akt activation. We thus provide a novel mechanistic explanation for the reported glucose-lowering beneficial effects of yacon tubers and yacon products in individuals with diabetes.
